Bidirectional nutrient transfer is one of the key features of the arbuscular mycorrhizal symbiosis. Recently we were able to identify a Medicago truncatula mutant (mtha1-2) that is defective in the uptake of phosphate from the periarbuscular space due to a lack of the energy providing proton gradient provided by the symbiosis specific proton ATPase MtHA1 1 In order to further characterize the impact of fungal colonization on the plant metabolic status, without the beneficial aspect of improved mineral nutrition, we performed leaf ion analyses in mutant and wildtype plants with and without fungal colonization. Although frequency of fungal colonization was unaltered, the mutant did not show a positive growth response to mycorrhizal colonization. This indicates that nutrient transfer into the plant cell fails in the truncated arbuscules due to lacking expression of a functional MtHA1 protein. The leaves of wildtype plants showed clear metabolic responses to root mycorrhizal colonization, whereas no changes of leaf metabolite levels of mycorrhizal mtha1-2 plants were detected, even though they were colonized. These results show that MtHa1 is indispensable for a functional mycorrhizal symbiosis and, moreover, suggest that fungal root colonization per se does not depend on nutrient transfer to the plant host.
Results
Plants respond to mycorrhizal colonization by changes of the metabolome, roots of Medicago truncatula show clear responses to mycorrhizal colonization. 2 The changes seem to be speciesspecific, with Medicago truncatula showing a more pronounced metabolic answer than other dicots, probably due to a higher symbiotic capability. 3 The most prominent changes are visible in the catabolic and amino acid metabolism, probably due to the improved carbon sink strength and an improved P-and N-level. 4 However, not only P and N, but also S provided by the symbiotic uptake pathway leads to changes in the metabolic response. 5 The recent identification of M. truncatula mutants defective in the symbiotic transfer of nutrients across the periarbuscular space allows us now to study the impact of fungal colonization independent of the improved nutrition of the plant. 1, 6 The lack of functional MtHA1 proteins is leading to the incapability of phosphate uptake, and presumably also other ions, from the periarbuscular space. In accordance with this assumption, we did not observe a positive growth response of mycorrhizal mtha1-2 mutant plants. However, fungal colonization accompanied with intercellular hyphal growth was still possible, indicating that the fungus is still able to get carbon from the mutant plants. To investigate the impact of this carbon drain on the metabolism of mtha1-2 mutants we analyzed growth parameters and leaf ion contents of mutants and wildtype plants. In order to investigate the impact of carbon drain under varying carbon and phosphate conditions, we compared plants grown under 2 different phosphate regimes (1 mM and 20 mM) and either under standard (16 h light/8 h dark) or under short day condition (12 h light/12 h dark). All plants were first grown at standard conditions for 2 weeks followed by a 26-day growth period at either standard light or short day conditions. An analysis of root and shoot fresh weights showed that phosphate nutrition significantly influenced shoot fresh weights (ANOVA, P < 0.001) and that mycorrhizal colonization significantly influenced shoot fresh weights under low phosphate depending on the plant genotype (ANOVA, P < 0.039). Shoot growth was limited by low phosphate as well as by short days, with shoot weights of mycorrhizal wildtype plants being significantly increased as compared to non-mycorrhizal plants or mutants due to mycorrhizal nutrient uptake. This was also true under short day conditions, indicating that the mycorrhizal nutrient uptake is still beneficial for plant growth and that the carbon transfer to the fungus is not growth limiting. The carbon shortage by short day treatment resulted in reduced root fresh weights at moderate phosphate condition (Fig. 1B) , which represents the condition of most drastic change in the plant carbon to phosphate (C/P) ratio. Root fresh weights were not significantly reduced by short day treatment when plants were grown under low phosphate regime (Fig. 1B) . Mycorrhizal colonization at low phosphate fertilization results in significantly reduced C/P ratio due to mycorrhizal phosphate uptake. As a consequence, we found increased shoot growth and reduced root growth of mycorrhizal plants at low phosphate.
To investigate the impact of mycorrhizal nutrient uptake on plant nutrition, we analyzed leaf ion levels. Anions were analyzed by high-performance anion-exchange chromatography with conductivity detection on a Dionex ICS-3000 system (Dionex, http://www.dionex.com) as described in Hubberten et al. 7 A clustering of leaf ion content and fresh weight data showed that phosphate treatment clearly separated all samples, indicating the greater impact of phosphate starvation on plant metabolism as compared to the short day treatment (Fig. 1B) . Remarkably, mycorrhizal colonization of plants grown at short days and at low phosphate shifted wildtype plants toward the CP group. This again highlights the importance of mycorrhizal phosphate uptake for plant growth and metabolism, which results in an increased C/P ratio.
A Principal Component Analysis (PCA) of ion content and fresh weight data was carried out to determine the influence of mycorrhizal colonization and phosphate nutrition on plant growth and metabolism (Fig. 1A) . PC1 was describing more than 60% of the variance and correlates to C/P ratio of the plants. Plants grown at low phosphate and standard light regime located to one end of this PC axis, and plants grown with moderate phosphate and short day regime represent a low C/P ratio and locate to the other end of this axis. PCA resulted in a clear separation of all 4 experimental conditions, with the exception of the mycorrhizal wildtype plants grown at low phosphate (20 mM). In these plants, mycorrhizal colonization resulted in a clear shift toward a lower C/P ratio due to mycorrhizal phosphate uptake. Under moderate phosphate fertilization (1 mM), mycorrhizal wt plants did weakly separate from the other plants of the corresponding condition, indicating a reduced impact of mycorrhizal phosphate transfer for the plant metabolism and growth under moderately high phosphate nutrition. It is worth mentioning, that mycorrhizal colonization did not lead to a significant growth or metabolic response in mtha1-2 mutants. This underscores first a loss of phosphate transfer due to the non-functional H C -ATPase in mtha1-2 mutants, but also demonstrates that even in the absence of mycorrhizal nutrient uptake, the carbon transfer to AM fungi does not significantly influence plant growth and leaf metabolism under the light and nutrient fertilization regimes applied here.
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